The effectiveness of fecal immunochemical testing (FIT) in reducing colorectal cancer (CRC) mortality has not yet been fully assessed in a large, population-based service screening program. METHODS: A prospective cohort study of the follow-up of approximately 5 million Taiwanese from 2004 to 2009 was conducted to compare CRC mortality for an exposed (screened) group and an unexposed (unscreened) group in a population-based CRC screening service targeting community residents of Taiwan who were 50 to 69 years old. Given clinical capacity, this nationwide screening program was first rolled out in 2004. In all, 1,160,895 eligible subjects who were 50 to 69 years old (ie, 21.4% of the 5,417,699 subjects of the underlying population) participated in the biennial nationwide screening program by 2009. RESULTS: The actual effectiveness in reducing CRC mortality attributed to the FIT screening was 62% (relative rate for the screened group vs the unscreened group, 0.38; 95% confidence interval, 0.35-0.42) with a maximum follow-up of 6 years. The 21.4% coverage of the population receiving FIT led to a significant 10% reduction in CRC mortality (relative rate, 0.90; 95% confidence interval, 0.84-0.95) after adjustments for a self-selection bias. CONCLUSIONS: This large, prospective Taiwanese cohort undergoing population-based FIT screening for CRC had the statistical power to demonstrate a significant CRC mortality reduction, although the follow-up time was short. Although such findings are informative for health decision makers, continued follow-up of this large cohort will be required to estimate the long-term impact of FIT screening if the covered population is expanded. Cancer 2015;121:3221-9.
INTRODUCTION
The efficacy of guaiac fecal occult blood test (gFOBT) screening at reducing colorectal cancer (CRC) mortality has been proven in previous randomized trials [1] [2] [3] and with population screening. 4, 5 Fecal immunochemical testing (FIT) has advantages over gFOBT in several aspects. Studies comparing gFOBT and FIT in screening populations have shown that the former has higher sensitivity for both invasive cancers and advanced adenomas with comparable specificity. [6] [7] [8] [9] This is of utmost importance because the early detection of neoplasms is the key to obtaining a large survival benefit through a cancer screening program. The use of FIT also enables one to get the optimal cutoff value for follow-up colonoscopy through quantitative test results. 10 This would be of great benefit for health care systems if, in light of the limited manpower and health care resources available, unnecessary colonoscopies could be avoided but a higher sensitivity could still be retained. 7 These studies have also shown that public participation is higher with FIT because it removes the need for dietary restrictions before testing and provides a more user-friendly way of sample collection. 8, 9 For these reasons, screening with FIT is anticipated to be more effective than gFOBT at reducing CRC mortality, and many countries have already begun using it in regional or nationwide population screening programs. 11 Nevertheless, there are few empirical data demonstrating its effectiveness at reducing CRC mortality and thus supporting its use.
In the Asia-Pacific region, where many countries have experienced a substantial increase in both CRC incidence and mortality over the past few decades, the development of effective screening programs for CRC is one of the most critical and urgent tasks facing public health policymakers. 12 After a successful pilot population screening program, a nationwide CRC screening service program was launched in 2004 by the Taiwanese government, which offered biennial FIT to the general population between the ages of 50 and 69 years as a part of the National Cancer Control Program. [13] [14] [15] In this study, we report the inaugural results of this nationwide screening service and, by taking advantage of the large population size, evaluate its effectiveness at reducing CRC mortality from 2004 to 2009.
MATERIALS AND METHODS

Taiwanese Nationwide CRC Screening Program
According to the household registry, Taiwan had 25 municipalities with a total population of 23,119,772 inhabitants in 2009. In this nationwide program, a budget was allocated by the government annually, and funds were distributed to the individual municipalities for this screening program. Residents who were 50 to 69 years old (n 5 5,417,699) were considered to be eligible for this screening with biennial FIT. This nationwide screening program was implemented with a gradual expansion of the covered population (a phase-in approach) because of budgetary limitations and the clinical capacity for public health service and colonoscopy. We set a 20% coverage rate as the goal for the initial 5 years and expected to reach up to 60% by 2016.
Information regarding the availability of this screening program was publicized through the media, a CRC awareness campaign pamphlet, and an outreach screening service unit launched in each municipality (partially by telephone or letter invitation). Because this period was still in the pilot phase, only a small fraction of the areas adopted individual invitations by telephone or letter.
Participants were checked for eligibility and were asked to complete a questionnaire that collected basic demographic data. The screening workflow is diagramed in Figure 1 , and the whole process of screening activity was under regular monitoring, which included the screening sites for the uptake of screening, repeated screening cycles, confirmatory examinations, clinical surveillance, and data retrieval on CRC cases and deaths. The mean follow-up time for this cohort was 3.09 years with a maximum follow-up of 6 years. Because of the fiscal budgetary limits and clinical capacity mentioned previously, 1,160,895 residents of 5,417,699 eligible subjects (21.4% of the eligible population) were screened by 2009.
Study Design and Samples
To evaluate the effectiveness of this nationwide screening program, we used a prospective cohort study design. Participants who underwent 1 to 3 rounds of FIT (n 5 1,160,895) were considered the exposed (screened) group, and the rest of the population was considered the unexposed (unscreened) group. Events were defined as diagnoses of CRC and deaths from CRC, and they were ascertained from the screening database (screen-detected cases) through linkage with the National Cancer Registry (interval cancers) and the National Death Registry, respectively. Because entry to the study was staggered by its gradual expansion, the person-years for each individual were calculated from entry to the end of follow-up (defined as the occurrence of an event or the end of the study [whichever was earlier]). This study was approval by the Health Promotion Administration of the Ministry of Health and Welfare prior to data retrieval and analysis.
FIT and Referral for a Confirmatory Diagnosis
FIT was performed with a single fecal sample. One of 2 separate FIT kits (Eiken OC-SENSOR or Kyowa HM-JACK) was selected by each municipality according to its own purchasing process. The hemoglobin cutoff points for the 2 tests were 100 (Eiken) and 8 ng/mL (Kyowa); they were both equivalent to 20 lg of hemoglobin per gram of feces. The rationale for this cutoff was based on the results of our previous community-based pilot study. 16 All samples were submitted to qualified laboratories in each municipality for testing. A positive test was defined as a test result that was above the defined cutoff Original Article for the given test. Test results were reported to all participants by mail and telephone. Participants with positive tests were referred for either total colonoscopy or sigmoidoscopy plus a barium enema for a confirmatory diagnosis. These confirmatory examinations were reimbursed by National Health Insurance, which has a coverage rate of 99.9% for the entire population.
All municipalities were asked to report the results of all confirmatory examination findings and pathological results. The histopathology of colon neoplasms was classified according to the World Health Organization criteria. 17 Cancers were staged with the 6th edition of the American Joint Committee on Cancer staging system. Data relevant to this screening program, including the demographics of screened subjects, the results of FIT, endoscopic findings, and the results of histopathology, were all stored in a central database. This database was linked to the National Death Registry of Taiwan and the Taiwan Cancer Registry, from which the causes of death (either cancerous or noncancerous codes) could be obtained. In this death registry, the causes of death in the government computer files were coded according to International Classification of Diseases, Ninth Revision. The cancer registry is a nationwide program with a coverage rate of 98.6% and an accuracy greater than 99%, but the delay in reporting is typically approximately 2 to 3 years. 18 The date of diagnosis and the date and cause of death of a subject could be obtained via the matching of the computerized data file of the screening program and the aforementioned registry database with a unique identification number. We ascertained data regarding the incidence of CRC and CRC deaths from these 2 databases.
Statistical Analysis
Screening indicators
Standard screening measures and indicators were calculated. 11 The coverage rate was calculated as the ratio of the number of subjects who received FIT to the number in the target population. Positive predictive values were calculated according to sex and age. Detection rates for adenoma, advanced adenoma, and cancer were expressed per 1000 people screened and were adjusted by the confirmatory examination rates.
Distribution of CRC stages
The distribution rates of stages among screen-detected cancer cases were determined and compared to those of non-screen-detected cancers identified through the cancer registry data released in 2005 (CRC cases diagnosed in 2003) with the chi-square test. 18 Mortality with adjustments for the self-selection bias and increasing incidence of CRC Mortality data were ascertained to the end of 2009. As for the efficacy of the screening, the first measure was to compute the relative rate (RR) of CRC mortality between the 
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Cancer September 15, 2015 screened (exposed) subjects and the unscreened (unexposed) subjects, who included a substantial proportion of the uncovered population during the screening period from 2004 to 2009. The CRC mortality reduction was calculated as (1 -RR) 3 100%. The second measure was the corresponding RR for the invited versus the uninvited after adjustments for the self-selection bias related to the screening rate on the basis of a methodology similar but not identical to an intention-to-treat analysis often used in randomized controlled trials. [19] [20] [21] We selected the uninvited group as the comparator that was plugged into the formula for self-selection bias on the basis of the mortality before the screening epoch between 1998 and 2003 (the same length as that of the screening epoch in the current study). There were also adjustments for an increasing incidence rate (projected at 1.97% per year) based on data obtained from the Taiwan Cancer Registry (1998) (1999) (2000) (2001) (2002) (2003) where P is the probability; I and I represent the invited group and the uninvited group, respectively; S and S represent the screened group and the unscreened group, respectively; and SR is the screening rate. Note that P(S |I) 5 1 -P(SjI).
We estimated the aforementioned measures and their corresponding 95% credible intervals with a Bayesian acyclic graphic model underpinning the framework of a generalized linear model (as used in an evaluation for breast cancer screening in a previous study). 21 A Poisson regression model was used to capture the RR of dying from CRC for the screened and unscreened groups versus the uninvited group. The 2 aforementioned measures were functions of the regression coefficients when they were weighted differently by the screening rate. 20 The 2 cumulative mortality curves for the screened and unscreened groups were plotted after adjustments for both the self-selection bias and the increasing incidence trend with the follow-up time ( Fig.  2A,B) .
All statistical analyses were performed with SAS 9.2 (SAS Institute, Cary, NC). Table 1 , and the rate of adhering to repeat screens was 28.3%. Of the 1,160,895 FIT cases that were completed at the first screen, 46,963 were positive, and this yielded an overall positivity rate of 4.0%. The positivity rate for those who attended subsequent screenings was 3.8%. Among those subjects who tested positive, 37,585 (80%) who were identified at the first screening and 11,026 (88.7%) who were identified at subsequent screenings underwent a confirmatory examination: 85.5% underwent total colonoscopy, 10.2% underwent sigmoidoscopy plus a barium enema, and 4.3% underwent an unspecified procedure. As a result of the confirmatory examinations, 19,398 colorectal adenoma cases (14,834 [16.0 per 1000] at the first screening), 5500 advanced adenoma cases (4284 [4.6 per 1000] at the first screening), and 2805 invasive cancers (2304 [2.5 per 1000] at the first screening) were detected. The positive predictive value of FIT was 39.5% for adenoma, 11.7% for advanced adenoma, and 6.1% for invasive cancers. The detection rate per 1000 subjects at the first screening was 16.0 for adenoma, 4.6 for advanced adenoma, and 2.5 for cancer. The corresponding figures for subsequent screenings were 15.6, 4.2, and 1.7, respectively. Table 2 shows the frequencies of age-and sex-specific screened Original Article and unscreened subjects in the screening period and eligible study subjects in the prescreening period. The corresponding person-years and deaths from CRC are also listed in Table 2 .
RESULTS
Screening Indicators
CRC Stage Distribution Between Attenders and Nonattenders
The age-and sex-specific numbers of subjects attending one-off and repeated screenings are listed in Table 3 . There were 2805 CRCs detected in the screening population. Of these, 77% (2155/2805) had complete staging data; there were 286 cases (13.3%) of carcinoma in situ, 755 stage I cases (35.0%), 450 stage II cases (20.9%), 510 stage III cases (23.7%), and 154 stage IV cases (7.2%), as indicated in Table 4 . The distribution rates with respect to tumor staging were different in the screened cohort versus the unscreened cohort. A remarkable difference in advanced cancers between the 2 groups was noted.
Mortality Reduction
The RR of cumulative CRC mortality between 2004 and 2009 for the screened subjects versus the unscreened ones Abbreviations: CRC, colorectal cancer; FIT, fecal immunochemical testing.
The age-specific population was based on national census data reported between 2004 and 2009. The screening rate was the number of subjects who underwent immunochemical testing divided by the agespecific target population.
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Cancer September 15, 2015 was 0.38 (95% confidence interval, 0.35-0.42), and this yielded a significant 62% effectiveness of reducing deaths from CRC. The mortality rates were 13.77 per 100,000 persons in the screened group and 36.31 per 100,000 persons in the unscreened group. Figure 2A shows the difference in the corresponding cumulative CRC mortality curves for the screened and unscreened groups without adjustments for the self-selection bias. It is interesting to note that the RR of cumulative mortality between the invited and uninvited groups was 0.90 (95% confidence interval, 0.84-0.95) with adjustments for the self-selection bias and CRC incidence change. This suggests a significant 10% mortality reduction from CRC attributable to the 21.4% coverage of the FIT screening. Figure 2B shows a comparison of the 2 curves with adjustments for the self-selection bias.
DISCUSSION
This large study cohort demonstrated that the administration of FIT screening led to a chance of reducing CRC deaths by 62% for screened subjects versus unscreened subjects. We further estimated a 10% mortality reduction from CRC as a result of FIT screening coverage of 21.4%
(1,160,895/5,417,699 residents) after adjustments for the self-selection bias with an average follow-up of 3.09 years until 2009. Such findings may assist in convincing health decision makers that the continuous promotion of such a nationwide screening program is worthwhile.
Although the efficacy of gFOBT at reducing CRC mortality has been proven in previous randomized trials and evidence has demonstrated the advantages of FIT over gFOBT, organized service screening using FIT has been introduced in only a few countries, and its efficacy remains unknown. 11 Our study supports the use of FIT for a number of reasons. First, the magnitude of the mortality reduction was significant and greater than that observed in trials using guaiac tests. [1] [2] [3] 22 It is worth noting that using available resources, we screened only 21.4% of the eligible population by 2009; we have estimated with a sensitivity analysis that the mortality reduction could reach 36% if the screening rate could be improved to 60% with our nationwide screening program, which continued to be run up to 2014 (see Table 5 ). Second, our results showed a reduction in advancedstage cancers in the screened group versus the unscreened group (Table 4) . This finding suggests a favorable impact on mortality reduction and overall costs of treating CRC, but long-term follow-up is still required to confirm this benefit after the lead-time bias is taken into account.
Evaluating effectiveness in a population screening service is of utmost importance for several reasons. First, from the perspectives of screening providers through an evaluation of effectiveness in mortality reduction, we can fully understand whether the screening strategy is feasible and what the utility of the screening program is in association with the incurred budget. Second, knowing that screening is effective in reducing CRC mortality, the public will be more willing to go for screening tests, and further improvement in participation in either fecal testing or colonoscopy thus can be anticipated. Third, distinct from randomized trials, service screening is apt to be influenced by a self-selection bias. Our current study well demonstrated how one could deal with this problem of bias and provide a population-based (rather than selected group-based) estimate of effectiveness in a nonexperimental study. In addition to the estimation of mortality reduction via screening based on screening rate/ repeat screening rate empirical data, we also provided the results of a sensitivity analysis based on 3 scenarios of screening rates (Table 5) to provide results that could convince health decision makers to continue to support this population-based FIT screening program on the basis of the current evidence from a short period of follow-up and the projection of possible long-term effects when the program is expanded.
We believe that such a self-selection bias adjustment is very conservative because we treated those who were not available for FIT (because the capacity for screening was gradually expanded) as if they had been invited and had refused FIT screening. Because these estimates were projected under a Taiwanese scenario (rather than through a literature review), we believe that the true benefit of FIT screening may not be exactly the same as the projection but may lie between 10% and 36% if the screening rate could be enhanced gradually to 60%.
Our study may have limitations. First, because this is a nationwide service screening program and the coverage rate of this nationwide service screening program has expanded over the years, one would not expect a formal invitation rate and attendance rate as reported in previous experimental trials and other organized screening programs. 23, 24 There are 2 reasons for the unavailability of the attendance rate. Both resulted in an inability to differentiate those who refused FIT when invited from those who were unavailable for FIT. The first is related to the invitation methods (eg, mass media and pamphlets), which precluded us from getting the denominators of invitees. The second reason is the gradual expansion of this nationwide screening program due to budgetary limitations; this yielded only 21.4% coverage of the eligible population by 2009. However, the coverage rate would be expected to increase with time.
Aside from budgetary support for the screening program from the government, to improve the coverage rate, we have to pay attention to the following aspects. First, the improvement of public awareness of CRC and the The results of the calculation using empirical data were based on the current SR of 21.4%. These results were also adjusted for a projected 1.97% increase in the incidence rate per year (based on data from the Taiwan Cancer Registry, 1998-2003).
promotion of screening by physicians are likely to be helpful and play pivotal roles. 25 Second, with a significant reduction of mortality by FIT in this program, interval cancers still exist. Our recent study also showed a lower sensitivity of FIT for early-stage cancers and proximal advanced neopalsms. 26 Further study is needed to improve the detection of these lesions. Third, not all FITpositive subjects underwent colonoscopy; instead, some underwent a barium enema plus sigmoidoscopy or another examination as a confirmatory examination in this program. Although colonoscopy was recommended as the first-choice confirmatory examination in our program, it was not necessarily available in some rural areas. Moreover, the fee for sedation during colonoscopy has yet to be subsidized by the National Health Insurance, so this might have also hindered the acceptance of colonoscopy in some FIT-positive subjects. Finally, although we demonstrated a significant reduction in CRC mortality during the short follow-up period, the main cause is probably the large cohort size because the required follow-up time for estimating the impact of screening on mortality from CRC in population-based randomized controlled trials is often longer than ours. Longer follow-up of our service screening program is, therefore, required to estimate the true long-term effect of FIT screening on mortality.
In conclusion, FIT is a feasible and effective test for use in population screening programs; 1,160,895 Taiwanese residents were covered. The large cohort data presented herein provide the statistical power for demonstrating a significant CRC mortality reduction even though the followup time was short. However, continued follow-up of this large cohort is required to assess the true long-term effect of FIT screening if more of the population is covered in a continuing nationwide screening program.
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